In yeast and mammals, ATP-dependent chromatin remodelling complexes of the SWI/SNF family play critical roles in the regulation of transcription, cell proliferation, diVerentiation and development. Homologues of conserved subunits of SWI/SNF-type complexes, including Snf2-type ATPases and SWI3-type proteins, participate in analogous processes in Arabidopsis. Recent studies indicate a remarkable similarity between phenotypic eVects of mutations in the SWI3 homologue ATSWI3C and bromodomain-ATPase BRM genes. To verify the extent of functional similarity between BRM and ATSWI3C, we have constructed atswi3c brm double mutants and compared their phenotypic traits to those of simultaneously grown single atswi3c and brm mutants. In addition to inheritance of characteristic developmental abnormalities shared by atswi3c and brm mutants, some additive brm-speciWc traits were also observed in the atswi3c brm double mutants. Unlike atswi3c, the brm mutation results in the enhancement of abnormal carpel development and pollen abortion leading to complete male sterility. Despite the overall similarity of brm and atswi3c phenotypes, a critical requirement for BRM in the diVerentiation of reproductive organs suggests that its regulatory functions do not entirely overlap those of ATSWI3C. The detection of two diVerent transcript isoforms indicates that BRM is regulated by alternative splicing that creates an in-frame premature translation stop codon in its SNF2-like ATPase coding domain. The analysis of Arabidopsis mutants in nonsense-mediated decay suggests an involvement of this pathway in the control of alternative BRM transcript level.
Introduction
Based on the recent advances in chromatin research, it is now Wrmly established that mechanisms aVecting the accessibility of chromatin DNA play key roles in the regulation of transcription, replication, repair and recombination of nuclear genomes in eukaryotes (Martens and Winston 2003; Roberts and Orkin 2004; Smith and Peterson 2005) . These mechanisms involve ATP-dependent chromatin remodelling that acts in conjunction with DNA and histone modiWcations. ATP-dependent chromatin remodelling is mediated by multi-subunit complexes that use energy from ATP hydrolysis to destabilise and translocate DNA on nucleosomes (Saha et al. 2006) . Four major classes of chromatin remodelling complexes (CRCs) (SWI/SNF, ISWI, Mi-2 and Ino80) characterised thus far are distinguished by their central catalytic ATPase and unique composition of auxiliary subunits. Complexes belonging to the SWI/SNF class were Wrst discovered in S. cerevisiae and carry a Snf2-type (Sth1, BRAHMA) ATPase with a C-terminal signature called the bromodomain. In addition to Snf2-type ATPases, the SWI/SNF complexes puriWed from yeast, Drosophila and mammals share at least two other evolutionarily conserved subunits representing homologues of yeast SNF5 and SWI3 proteins. Both SNF5 and SWI3 (the latter occurring as a dimer) are critical for the assembly, stability and proper targeting of SWI/SNF complexes (Mohrmann and Verrijzer 2005) .
To date, no SWI/SNF-type CRC has been puriWed from higher plants. However, sequencing of the Arabidopsis thaliana and rice genomes has identiWed genes encoding homologues of Snf2 ATPase, SNF5 and SWI3 subunits of SWI/SNF complexes (Brzeski et al. 1999; Verbsky and Richards 2001; Sarnowski et al. 2002; Wagner and Meyerowitz 2002; Farrona et al. 2004; Jerzmanowski 2007; Kwon and Wagner 2007 ; see also the Plant Chromatin Database at http://chromdb.org). Of the four potential Arabidopsis orthologues of the Snf2-type ATPase, only BRA-HMA (BRM) carries a bromodomain. In SPLAYED (SYD), the closest homologue of BRM, the bromodomain is replaced by a divergent C-terminal domain of unknown function (Su et al. 2006; Jerzmanowski 2007; Kwon and Wagner 2007) . The Arabidopsis genome encodes a single SNF5 orthologue, BUSHY (BSH, Brzeski et al. 1999 ) and four diVerent (ATSWI3A, ATSWI3B, ATSWI3C and ATSWI3D) SWI3-type SWI/SNF core subunits (Sarnowski et al. 2002) .
Combinatorial assembly of SWI/SNF subunits into structurally and functionally diverse CRCs is connected to the control of key pathways in mammalian development (Lessard et al. 2007 ). Analogously, CRCs carrying diVerent combinations of Snf2-type ATPases with SNF5/BSH and homo-or heterodimeric forms of diVerent ATSWI3 subunits have been implicated in various developmental processes in Arabidopsis (Jerzmanowski 2007; Kwon and Wagner 2007) . Recent genetic analysis of the ATSWI3 gene family demonstrated that both ATSWI3A and ATSWI3B are essential for early embryonic development, whereas ATSWI3C and ATSWI3D aVect diVerent phases of vegetative and reproductive development (Sarnowski et al. 2005) . Functional studies of Snf2-type ATPases showed that the Arabidopsis syd mutant is viable and its phenotypic characteristics are clearly diVerent from those of atswi3c and atswi3d mutants (Wagner and Meyerowitz 2002; Su et al. 2006) . In contrast, phenotypic traits of brm and atswi3c insertion mutants are intriguingly similar (Sarnowski et al. 2005; Hurtado et al. 2006; Tang et al. 2008) . The interaction of ATSWI3C with BRM in the yeast two-hybrid system (Farrona et al. 2004) suggests that ATSWI3C is a core subunit of a BRM ATPase-associated SWI/SNF complex. To verify the functional similarity of BRM and ATSWI3C, we have performed a comparative study of developmental defects of atswi3c brm double mutants and previously characterised atswi3c and brm null mutants. Our data show that most developmental defects caused by single brm and atswi3c mutations are indistinguishable from those observed in the atswi3c brm double mutants. This indicates that BRM and ATSWI3C perform largely complementary functions and most likely represent interacting subunits of a CRC. Nonetheless, inactivation of BRM results in more severe disturbance of diVerentiation of female and male reproductive organs than do atswi3c mutations, suggesting that BRM has some unique regulatory functions. The detection of two diVerent isoforms of BRM mRNA indicates that the transcription of this SNF2-like ATPase is regulated by alternative splicing. The occurrence of a premature termination codon (PTC) in the coding region of one of the isoforms implicates a role for nonsense-mediated decay (NMD) in the modulation of the level of this mRNA isofom in plants. Accumulation of aberrant BRM mRNA isoform in the upf1-5 and upf3-1 mutants indicates that the stability of this isoform is indeed controlled by NMD.
Materials and methods

Plant lines and growth conditions
Arabidopsis thaliana L. Heynh., Columbia-0 (Col-0) (Lehle seeds, Round Rock, TX, USA) was used in all experiments. The atswi3c-1 (Koncz_27320) and brm-1 (SALK_030046) mutant alleles were previously characterised by Sarnowski et al. (2005) and Hurtado et al. (2006) , respectively. The brm-6 (Koncz_77269) mutant allele was identiWed by PCR screening of our T-DNA mutant collection (Ríos et al. 2002) . The NMD pathway mutants upf1-5 (SALK_112922) and upf3-1 (SALK_025175) were also described previously (Hori and Watanabe 2005; ArcigaReyes et al. 2006 ). The atswi3c-1 brm-1 and atswi3c-1 brm-6 double mutants were generated either by crossing heterozygous mutant lines or by pollination of a brm-6 null homozygote with atswi3c-1 pollen. Genotypes of all single and double mutants were conWrmed by PCR analysis using allele-speciWc primers (Table S1 ).
Owing to sterility of homozygous brm and atswi3c brm lines and low yield of atswi3c mutant seeds, F2 segregating progeny used for genotyping the [atswi3c-1/+ (Koncz et al. 1994 ).
Characterisation of the brm-6 T-DNA insertion mutant
The brm-6 (Koncz_77269) mutant allele was identiWed using combinations of gene-speciWc primers with the T-DNA left border primer as described in Sarnowski et al. (2005) (Table S1 ). The brm-6 mutant line contains an inverted T-DNA repeat Xanked by two left borders in exon 2. The T-DNA insertion event resulted in a target site deletion of 40 bp (nucleotides 1,364-1,404 of the BRM coding sequence). The junctions between BRM exon 2 and the ends of the inverted T-DNA were LB1 (5Ј-GGACAGG GGAatctacatggat-3Ј) and LB2 (5Ј-gcacccgcgacCTCCATG TTCT-3Ј, Fig. 1a ). Upper and lower case letters denote plant DNA and T-DNA sequences, respectively. RNA isolation, northern hybridisation, cDNA synthesis and RT-PCR Isolation of total RNA from plant tissues was performed as described previously (Sarnowski et al. 2002) . For northernblot analysis 10 g of total RNA isolated from whole plants were loaded per lane, run on 1.2% formaldehyde-agarose gels and blotted on Hybond N-plus membrane (Amersham), which was then hybridised with a probe labelled with [ -32 P]dCTP using a random priming DecaLabel DNA Labeling Kit (Fermentas). The analysis of hybridisations was carried out using a PhosphorImager (Molecular Dynamics). cDNA synthesis was performed as described by Sarnowski et al. (2005) . AmpliWcation of a BRM cDNA fragment of 2,206 bp shown in Fig. 1b was performed with primers 3 and 4 (Table S1 ). For ampliWcation of control ACTIN2 cDNA, primers ACT1 and ACT2 were used (Sarnowski et al. 2005 ; Table S1 ). AmpliWcation of a cDNA corresponding to alternative splice variant of BRM transcript (BRM ) was performed with primers P L and P R (Table S1 ). UBQ11 cDNA was used as internal PCR control (Tyler et al. 2004 ; Table S1 ).
BRM antibody and Western blotting
To produce a BRM antigen, a 300 bp fragment of BRM cDNA encoding amino acids 131-230 was inserted into plasmid pQE60 (Qiagen) to create pQE-N. This plasmid encodes a 13-kDa N-terminal fragment of the BRM protein fused to 6xHis tag at its N terminus. The fusion protein was expressed in Escherichia coli and puriWed on Ni-NTA agarose aYnity matrix as recommended by Qiagen. Against the 13-kDa His-tagged BRM fusion protein polyclonal antibody was raised by immunisation of a rabbit (Eurogentec). A portion of anti-BRM antibody was subsequently puriWed by aYnity chromatography (Eurogentec). For Western-blot analysis of the BRM protein, 30-day-old Col-0, brm-1, and -2, -3, and -4 and point mutations brm-101, -102, -103 , and brm-5 were characterised previously (Hurtado et al. 2006; Kwon et al. 2006; Farrona et al. 2007; Tang et al. 2008 ). The brm-1 and brm-6 mutations were used in the genetic analyses described in this work. The positions and orientation of primers are marked with small arrows: pair 1-2 was used to identify the brm-6 mutation, whereas pair 3-4 was employed in RT-PCR assays. b RT-PCR assay with cDNA templates prepared from wild-type and homozygous brm-1 and brm-6 mutant plants with genespeciWc primers (3-4) and control ACTIN2 primers. The full-length BRM transcript is not detectable in the brm-1 and brm-6 mutants. c Western analysis of nuclear extracts of 30-day-old wild-type (Col-0), brm-1 and brm-6 plants with an anti-BRM antibody ( -BRM, top) and with a control anti-histone H3 antiserum ( -H3, bottom) brm-5 plants grown in soil were harvested. PuriWcation and extraction of nuclei were according to Gendrel et al. (2005) with modiWcations. A 20 g aliquots of nuclear extracts were separated by 6% SDS-PAGE and the BRM protein was detected by immunoblotting using a 2,000-fold dilution of aYnity-puriWed anti-BRM polyclonal antibody. The blots were then incubated with SuperSignal West Femto substrate (Pierce) following the detection of signals by chemiluminescence. Histone H3 immunoblotting was performed after electrophoresis using 13% SDS-PAGE gels. Membranes were probed with anti-histone H3 antibody (1:5,000; 07-690, Upstate).
Quantitative real-time PCR Total RNA was extracted from approximately 50 mg samples of diVerent wild-type Arabidopsis tissues: leaf rosettes and roots of 15-day-old seedlings, as well as rosette leaves, cauline leaves, stems, Xowers, and siliques of 45-day-old plants. Flowers and siliques were harvested at various stages of development. RNA was extracted using the RNeasy Plant Mini kit (Qiagen), and DNA was removed by DNase treatment with a TURBO DNA-free kit (Ambion). A Wrst-strand cDNA synthesis kit (Roche) was used to prepare cDNA from 1 g of RNA. Aliquots (1 l) of cDNA samples were used as templates in 20 l reactions containing LightCycler 480 SYBR Green I Master mix (Roche) and speciWc primers (see below) for PCR ampliWcation in a LightCycler 480 System (Roche) as recommended by the manufacturer (Roche). The qRT-PCR data were analysed with LightCycler 480 Software version 1.3. The number of gene-speciWc cDNA copies was determined for each sample, averaged over three replicates and normalised to PP2A as described previously (Czechowski et al. 2005) . Linearised plasmids encoding BRM, BRM , ATSWI3C and a PP2A PCR product were used to generate standard curves. The gene-speciWc primers used for BRM splice variant proWling and measurements of BRM and ATSWI3C expression levels, as well as for PP2A (as described previously by Oh et al. 2007 ) are listed in Table S1 . Final concentrations of qRT-PCR primers were 0.5 M and the annealing temperature was set at 60°C in all assays. Each experiment was performed using at least two independent biological replicates, and the speciWcity of real-time PCR products was conWrmed by melting curve analysis and electrophoresis on agarose gels.
Microscopic analyses
To characterise defects in stamen development, separated stamens were stained with 1% (w/v) acetoorcein for 30 min, washed in 80% (v/v) glycerol and examined under a light microscope (Leica Aristoplan). For anther sectioning and light microscopy, Xowers were treated as described in Sarnowski et al. (2005) . For scanning electron microscopy (SEM), Xowers were Wxed with 3% glutaraldehyde in 25 mM sodium phosphate buVer (pH 7.0) at 4°C overnight. The samples were rinsed with the same buVer and then Wxed with 1% osmium tetroxide in phosphate buVer at 4°C overnight. After rinsing with phosphate buVer, the samples were dehydrated in graded ethanol and subsequently in acetone series. The material was then critical point dried in liquid carbon dioxide. Individual Xowers were mounted on to SEM stubs. Pollen grains were dissected from anthers and mounted on SEM stubs without the above Wxation steps. The mounted specimens were coated with gold and examined using a LEO 1430VP SEM at an accelerating voltage of 20 kV.
Accession numbers
Sequence data described in this article have been deposited at the GenBank/EMBL database under the accession number FJ168468 (BRM alternative splice variant).
Results
Characteristics of allelic series of BRM insertion and point mutations
In a previously described mutant screen (Ríos et al. 2002) , we identiWed a new BRM T-DNA insertion mutant allele designated brm-6 (Fig. 1a) . Characterisation of this new mutant allele revealed that brm-6 carries an inverted T-DNA repeat in exon 2, which replaces a target site deletion of 40 bp and is Xanked by two T-DNA left border junctions. The T-DNA insertion in brm-6 has fused exon 2 to a short open reading frame carrying a stop codon 52 bp downstream of the 3Ј T-DNA insert junction. RT-PCR analysis of the homozygous brm-6 line using primers 3 and 4 (Fig. 1a) revealed the absence of wild-type BRM transcript indicating that, like the previously characterised brm-1 allele ( Fig. 1b; see below) , brm-6 also corresponds to a null mutation. This is consistent with the results of Western-blot analysis showing that brm-6 plants, similarly to the brm-1 mutant, do not contain BRM protein (Fig. 1c) .
The phenotype of brm-6 mutant was indistinguishable from that of brm-1 throughout all stages of plant development (Fig. S2 ). Both brm null mutants displayed a number of characteristic traits: complete male sterility, delayed seedling development, semi-dwarf growth habit and notably shorter root system showing increased growth of lateral roots when grown in sucrose containing MS medium. The rosette and cauline leaves of brm mutants were similarly distorted as a result of twisting along the proximodistal axis and downward curvature of leaf edges. In addition to the retardation of vegetative development, the Xowers of brm-1 and brm-6 plants showed highly characteristic abnormalities, including the occurrence of fused sepals and stamen Wlaments, deformed and nonfused gynoecia, and retardation of anther development. Both brm mutants displayed strongly inhibited elongation of fruits resulting in very short siliques.
The positions of insertion and point mutations identiWed so far in the Arabidopsis BRM gene are depicted schematically in Fig. 1a . The brm-1 (SALK-030046) and brm-2 (GABI-kat-854D01) insertion mutations were originally identiWed by Hurtado et al. (2006) . Similar to brm-4 (WiscDs/Lox436E9), which carries a transposon insertion (Tang et al. 2008) , both brm-1 and brm-2 were shown to represent null mutations. In contrast, the brm-3 (SALK-088462) insertion mutant expresses a truncated BRM protein that lacks a C-terminal segment of 454 amino acids encompassing the bromodomain motif (Farrona et al. 2007 ). Point mutations brm-101, brm-102 and brm-103 were originally identiWed and designated atbrm-1, atbrm-2 and atbrm-3 by Kwon et al. (2006) . These alleles correspond to nonsense mutations that presumably permit the synthesis of truncated protein products lacking various domains important for the biological function of BRM ). The brm-5 point mutation results in the exchange of Gly to Arg in the catalytic domain of BRM protein (Tang et al. 2008) . We have compared brm-6 (identiWed in this study) and the published phenotypic analyses of all aforementioned mutant lines and found that the brm-1, -2, -4 and -6 insertion mutations and brm-101, -102 and -103 point mutations resulted in the manifestation of all highly reproducible brm phenotypic traits described above. The brm-3 and brm-5 mutants displayed less severe developmental alterations showing intermediate elongation and growth defects compared with wild-type and brm null mutant plants (Hurtado et al. 2006; Tang et al. 2008) .
Genetic interactions between atswi3c and brm mutations Phenotypic traits of brm null mutants showed striking similarity to developmental alterations observed previously in atswi3c insertion mutants (Sarnowski et al. 2005) . As detection of interaction between BRM and ATSWI3C also suggested that ATSWI3C could be a core subunit of a BRM ATPase-associated SWI/SNF complex (Hurtado et al. 2006; Jerzmanowski 2007) , we have systematically examined the features of the brm (At2g46020) and atswi3c (At1g21700) mutations by performing crosses of homo-or heterozygous brm-1 and brm-6 mutants with an atswi3c-1/ + and atswi3c-1 lines. Although homozygous brm-1 and brm-6 mutants failed to produce viable hybrid progeny when used as pollen donors in reciprocal crosses, they yielded some hybrid seed upon pollination when plants were grown under optimal long day (16 h light/8 h dark) conditions (i.e., 21-22°C with 60-75% humidity during the day and 18-20°C with 50-65% humidity during the night). However, when the average humidity level was below 60% and the day temperature exceeded 22°C, none of the examined homozygous brm mutants set seed. This indicated that female fertility of the brm mutants is highly sensitive to environmental conditions, such as mild drought stress. In contrast, male fertility of the brm mutants was extremely reduced independently of the growth conditions. In comparison, the atswi3c mutants displayed a lower frequency of aberrant stamen diVerentiation and pollen abortion (see below) and their female fertility was reduced but not fully abolished at lower humidity levels.
Analysis of F2 progeny of self-pollinated atswi3c-1/+ brm/+ F1 hybrids revealed that the phenotypes of the brm, atswi3c and double atswi3c brm lines were indistinguishable during early development. The observed segregation for wild-type and mutant traits signiWcantly diVered from the expected ratio of 9 wild-type to 7 mutant in each F2 family. For example, upon self-fertilisation an atswi3c-1/+ brm-6/+ F1 line segregated wild-type and mutant oVspring at a ratio of approximately 5:2, for which the high 2 value clearly indicated a signiWcant deviation from the expected 9:7 complementary ratio (Table 1) . Subsequent PCR genotyping of the mutant class showed 25 and 50% reduction in the number of expected homozygous brm-6 and atswi3c oVspring, respectively, whereas the frequency of double mutant atswi3c-1 brm-6 class was about 30% lower than the expected value (4.3 instead of 6.25, Table 2 ). Similar results were obtained for F2 segregation of other atswi3c-1/+ brm-1/+ F1 hybrids (data not shown) indicating that both reduced female and male transmission of brm and atswi3c mutant alleles contributed to the lower than expected appearance of single and double mutant classes.
The analysis of simultaneously grown F2 populations provided suitable material for comparative characterisation of developmental defects observed in the single brm and atswi3c, and double atswi3c brm mutants (Table 3 ; Fig. 2 ). As all traits of brm-1 and brm-6 lines were identical, we shall not refer to speciWc brm alleles from here onwards. As mentioned above, the appearance of leaf rosette of young (26-day-old) atswi3c, brm and atswi3c brm plants was very similar (Table 3 ; Fig. 2a ) and characterised by twisting and downward curvature of leaves (Fig. 2d) . The appearance of cauline leaves was also indistinguishable in all mutants (Fig. 2e) . Under long day conditions, the number of rosette leaves was very similar at the onset of Xowering (Table 3) . Both single and double mutant classes Xowered slightly earlier than wild-type based on their rosette leaf number, the diVerence being statistically signiWcant (P < 0.01). However, due to their overall slower development, the mutant lines Xowered on average 5 days later than control wild-type plants (Table 3) . When compared with optimal growth conditions ( Fig. 2c, see above) , the brm and atswi3c brm mutants showed retarded development in response to lower humidity (45-55%) and changes in temperature range between 21 and 25°C (Fig. 2b) . Under optimal conditions, Xowers of single atswi3c and brm and double atswi3c brm mutants displayed similar defects, including occasional (1-5%) occurrence of fused stamens and staminoid petal Wlaments, fused sepals and petaloid tissues in place of anthers ( Fig. 2g-k) . Interestingly, under suboptimal growth conditions the frequency of aberrantly diVerentiating Xower organs was signiWcantly increased (30% or higher) in the brm and atswi3c brm mutants compared with atswi3c. Also, the frequency of Xowers carrying open gynoecia (Fig. 2l) was as high as 15% in brm and brm/atswi3c but was <1% in atswi3c mutant Xowers under suboptimal conditions. A high frequency (15%) of opened gynoecia was also observed previously by Hurtado et al. (2006) in the brm-1 and brm-2 mutants.
The most notable and growth condition-independent diVerence between the single and double mutant lines was that all lines homozygous for either brm-1 or brm-6 mutation displayed male sterility. Compared with wild-type Arabidopsis, the atswi3c mutant developed shorter siliques, which contained viable seeds. Remarkably, both brm and atswi3c brm lines (Fig. 2f ) also showed the initiation of dwarfed siliques, but produced no seed (Table 3) . Thus, the unique sterility trait of brm mutants appeared to be an additive character in the atswi3c brm double mutants. Here, we note that although Hurtado et al. (2006) reported both female and male sterility of brm-1 and brm-2 mutants, we observed that pollination of homozygous brm-6 null mutant with either atswi3c or wild-type pollen yielded viable progeny (see above). Given the aforementioned high stress sensitivity of brm Xower phenotype, this contradiction is probably due to diVerences in growth conditions used here and by Hurtado et al. (2006) . Scanning electron microscopy examinations revealed that even the highly deformed open gynoecia of brm and atswi3c brm plants contained 14% of normally developing ovules (Fig. 3a) . Nonetheless, consistent with a possible role of BRM in ovule development, most ovules in open gynoecia of brm and atswi3c brm plants showed aberrant diVerentiation mostly aVecting the initiation and growth of integument. This resulted in the lack of the characteristic bent (Fig. 3b, c) , outgrowth of the outer integument (resembling defects observed in sup mutants; Meister et al. 2002; Fig. 3d) , and inner integument protrusion (resembling defects observed in the tsl mutant; Roe et al. 1997 ; Fig. 3e, f) . Some of the ovules did not form any integument but developed instead into Wnger-like protrusions (Fig. 3b, e) . In addition, leaf-like structures that arose from placental tissue, which resembled those seen in ap2-6/bel1-3 double mutants, were also found ( Fig. 3f ; Western and Haughn 1999) . Although we did not analyse in similar detail the defects in ovule development observable in a small fraction of atswi3c plants, the notably higher frequency of these defects in the brm and atsw3c brm mutants suggests that BRM is more critical than ATSWI3C for carpel and ovule development.
Comparison of pollen maturation in the atswi3c and brm mutants In order to understand the cause of male sterility conferred by the brm mutations, we compared the development of anthers and pollen in the brm and atswi3c mutants. Both atswi3c and brm plants were reported to have less stamens than wild-type plants (Sarnowski et al. 2005; Hurtado et al. 2006) . The typical appearance of anthers in an atswi3c-1 Xower is shown in Fig. 4b . Although atswi3c anthers contained less pollen compared with wild-type anthers (Fig. 4a, b) , the shape and size of atswi3c pollen grains was similar to normal. However, a proportion of atswi3c pollen grains appeared to be glued together and showed partial deformation of their walls (Fig. 4g, j) . In contrast, brm plants carried only about 20% of atswi3c-1-like anthers (Fig. 4c) . The remaining 80% of brm anthers displayed severe deformations roughly half of them carrying coalesced pollen material (Fig. 4d) and half showing no intact pollen grains (Fig. 4e) . Compared with atswi3c, the rare pollen grains that could be observed in the brm anthers were highly deformed (compare Fig. 4g , j with Fig. 4 h, k) . In general, mature pollen sacs in brm anthers either had no pollen or contained abnormal pollen grains that could not be easily released. In conclusion, compared with atswi3c, the brm mutations resulted in more severe anther development and pollen maturation defects, which are fully consistent with complete male sterility of brm and atswi3c brm mutants. Despite aforementioned speciWc eVects of the brm mutation on diVerentiation of reproductive organs, all other phenotypic traits of brm, atswi3c and atswi3c brm mutants proved to be indistinguishable. This, together with the genetic data, fully supports the model that BRM and ATS-WI3C act in the same regulatory complex. On the other hand, diVerences between the severity of diVerentiation defects in reproductive organs in the brm and atswi3c mutants suggests that BRM may also have some unique functions.
Comparison of transcription proWles of ATSWI3C and BRM
If ATSWI3C and BRM function in the same putative CRC, one would also expect that the transcription of their genes is co-regulated in all organs and stages of plant development that are similarly aVected by the brm and atswi3c mutations. To conWrm this assumption, we inspected the transcript proWling data publicly available in the Genevestigator (Zimmermann et al. 2005) and AtGenExpress (Schmid et al. 2005) databases. This indicated that the patterns of ATSWI3C and BRM transcription are indeed very similar in most organs and developmental stages examined, but the levels of BRM transcript are consistently slightly higher (Fig. S3) . To verify the transcript proWling data, the levels of ATSWI3C and BRM transcripts in diVerent organs were compared using quantitative real-time PCR (qRT-PCR) with gene-speciWc primers (Fig. 5) . In full agreement with the Genevestigator and AtGenExpress databases, our data indicated that ATSWI3C and BRM are transcribed ubiquitously in all organs tested. The BRM transcript level was 1.5-fold higher than that of ATSWI3C in all organs. These results were also consistent with a previous RT-PCR study of ATSWI3C transcript levels by Bezhani et al. (2007) .
Alternative splicing of BRM transcript
In our RT-PCR studies using diVerent BRM primers, we observed the existence of two splicing isoforms of BRM mRNA (Fig. 6a) . Compared with the major BRM mRNA, carrying all 14 exons and encoding the full-size BRM protein, the alternatively spliced transcript contained truncated exon 9 sequences due to the use of a diVerent 3Ј splice site within this exon. This alternatively spliced BRM transcript is only 109 nucleotides shorter but contains a premature translation stop codon (PTC) in the coding sequence of N-terminal segment of SNF2 ATPase domain (Fig. 6c, d ). The alternatively spliced BRM transcript could be detected by RT-PCR in all tissues examined (Fig. 6b) . However, qRT-PCR analysis showed that in diVerent tissues of wildtype plants the BRM transcript was maintained at very low level, not exceeding 1-1.5% of that of main BRM splice variant. To examine whether any other splicing isoforms of BRM transcript were present in Arabidopsis, we performed northern RNA hybridisations using total RNA from wildtype Col-0 plants and two diVerent probes complementary to 5Ј and 3Ј sequences of the BRM gene. This analysis did not resolve the PTC-containing alternatively spliced mRNA isoform, which has a size comparable to that of the major BRM transcript, and failed to reveal any other shorter splice isoforms (results not shown).
Premature termination codon-containing transcripts are known to be substrates for degradation via the nonsensemediated decay (NMD) pathway (Stalder and Mühlemann 2008) . To determine whether the alternatively spliced BRM mRNA was a target for NMD, we have analysed transcript levels in the Arabidopsis upf1-5 and upf 3-1 Fig. 4 Comparison of defects of anther and pollen development in the atswi3c and brm mutants. Acetoorcein staining of stamens of wild-type (a), atswi3c-1 (b) and brm (c-e) Xowers. The brm mutants display defects, which are either identical to those of atswi3c-1 (c) or much stronger, such as coalescence of pollen (d) or lack of pollen grains (e). The picture to the right in (d) is a light micrograph of a cross-section through a brm mutant anther. f-h Scanning electron micrographs showing deformed pollen grains in the anthers of atswi3c-1 and brm mutants. Note that brm pollen grains are more abnormal and display a more circular shape. i-k Scanning electron micrographs of pollen grains dissected from anthers at higher magniWcation. Pollen grains of brm and atswi3c-1 appear glued together , we found by RT-PCR analysis that the level of PTCcontaining BRM transcript was 2-to 3-fold higher in the NMD-deWcient mutants (Fig. 7) indicating that the BRM splice variant was indeed an NMD substrate.
Discussion
Recently, several Arabidopsis loci encoding putative homologues of conserved subunits of yeast and human SWI/ SNF-type CRCs have been identiWed and characterised by the help of T-DNA insertion and EMS-induced point mutations (Jerzmanowski 2007; Kwon and Wagner 2007) . During our work on functional characterisation of diVerent Arabidopsis SWI3 homologues, we observed that the phenotypic traits of atswi3c insertion mutants are very similar to those of brm mutations that inactivate BRAHMA, the only Arabidopsis SNF2-like ATPase that carries a C-terminal bromodomain for interaction with acetylated histones (Farrona et al. 2004) . Both atswi3c and brm mutants display unique and characteristic developmental alterations including semi-dwarf appearance, shortened and branched root system, twisted rosette and cauline leaves, downward curling of leaf edges, defects in proper diVerentiation of several Xower organs, and shortened curved siliques (Sarnowski et al. 2005; Hurtado et al. 2006; Kwon et al. 2006) . Furthermore, transcript levels of Xower homeotic genes are changed similarly in both brm and atswi3c mutants (Sarnowski et al. 2005; Hurtado et al. 2006 ). These phenotypic similarities were particularly striking because mutations in none of the three other Arabidopsis ATSWI3 genes appeared to produce developmental changes that resembled the phenotypes of brm (Sarnowski et al. 2005) or syd mutations aVecting SNF2-type ATPase homologues (Wagner and Meyerowitz 2002) .
To genetically challenge the hypothesis that BRM and ATSWI3C act in a single complex, we constructed and characterised Arabidopsis lines with double atswi3c brm mutations. The double mutants did not reveal any neomorph phenotype but displayed all characteristic traits of the two single mutants. This genetic evidence suggests that ATSWI3C and BRM are functionally interdependent and act in a single functional unit, in which elimination of either of the two partners renders the unit inactive. This conclusion is also supported by our qRT-PCR data indicating that BRM and ATSWI3C are co-expressed. Moreover, we found that the ratio of BRM and ATSWI3C transcripts is similar in various organs suggesting transcriptional co-regulation of these genes.
Similarities between the phenotypes conferred by null mutations of SWI3 and bromodomain-containing ATPases have also been reported in yeast (Peterson and Herskowitz 1992) and mammals (Kim et al. 2001) , and functional interaction of these proteins was demonstrated by isolation and characterisation of SWI2/SNF2 CRCs (Mohrmann and Verrijzer 2005) . In yeast two-hybrid assays, Farrona et al. (2004) found that the N-terminal region of Arabidopsis BRM interacts with ATSWI3C. Previously, it has been reported that BRM interacts with AtSWI3B but not with ATSWI3A, and unlike ATSWI3B, neither ATSWI3C nor BRM can interact with SNF5/BSH in yeast two-hybrid assays (Farrona et al. 2004; Sarnowski et al. 2005; Hurtado et al. 2006 ; our unpublished results). As Arabidopsis SWI/ SNF complexes harbour two SWI3-type subunits, these observations suggest that ATSWI3B is probably the second SWI3-type subunit of BRM and ATSWI3C-containing Arabidopsis CRCs.
The genetic data described above indicate that compared with atswi3c, the brm mutation results in some unique Xower developmental defects that appear as additive traits in the atswi3c brm double mutants. One of the traits conferred by the brm mutation is complete male sterility, which is fully manifested independently of environmental stress in the double mutants. Male sterility of the brm mutants correlates with more severe defects of pollen development in comparison with the atswi3c mutants. Other brm-speciWc traits, such as slower development, higher degree of dwarWsm, and increased frequency of open gynoecia appear only under suboptimal growth conditions and are likely to represent stress-related regulatory functions of BRM. The ovule defects occurring at high frequency in the brm mutants resemble the eVects of mutations of BEL1, SUP, TSL and other key genes controlling ovule development. This suggests possible regulatory interactions involving these genes that require BRM-mediated chromatin remodelling. TSL was recently shown to be involved in chromatin modiWcations (Wang et al. 2007 ). Interestingly, the BRAHMA SWI/SNF CRC in Drosophila melanogaster was found to act together with a histone chaperone ASF1, which is a target for a TSL-like kinase (Moshkin et al. 2002) .
There are two possible explanations for additional eVects of the brm mutations. The Wrst is that BRM may perform ATSWI3C-independent regulatory functions, acting either alone or as a subunit of an alternative complex. In this respect, it is relevant that small diVerences were also observed in the phenotypes conferred by knockout mutations in Brg1 ATPase (a homologue of BRM) and Srg3 (a homologue of SWI3) in mice. In addition, Srg3 shows diVerential expression in various organs suggesting extra regulatory functions besides those it fulWls as a subunit of the SWI/SNF complex (Kim et al. 2001) . Alternatively, it is also plausible that the inactivation of ATSWI3C is compensated by one of the other AtSWI3 subunits expressed during certain developmental stages, such as Xoral organ diVerentiation, whereas the lack of BRM cannot be compensated by any other Snf2-type ATPases in Arabidopsis.
In this work, we also show that the BRM pre-mRNA undergoes alternative splicing which results in the production of a PTC-containing splice isoform. A 2-3-fold upregulation of the level of this BRM splice variant in upf1-5 and upf3-1 mutants suggests that the level of this transcript is controlled by the NMD pathway. NMD has been shown not only to degrade aberrant transcripts but also to regulate the steady-state level of many mRNAs involved in numerous cellular processes, such as DNA repair, cell cycle and metabolism (Rehwinkel et al. 2005; Stalder and Mühlemann 2008) . The answer to the question whether the detected alternative splicing event may be used in the regulation of BRM, for example in response to stress or other signals (Palusa et al. 2007 ) requires further studies.
